ABSTRACT: Exchange of dissolved inorganic N [DIN) between 2 eelgrass vegetated sediments and the water colurnn along with denitrification, plant uptake and loss of N were measured monthly throughout a fuil year. The eelgrass beds acted as strong sinks for DIN in the spring and summer months. In autumn the beds acted as DIN sources, whereas during the winter months the beds had reestablished their sink capacity, although exchange rates were much lower than during the spring. The seasonal variation in DIN exchange between the water column and eelgrass beds was mainly controiled by the balance between benthic N-mneralization and plant N-uptake, while denitrification was of minor importance. Although plants and probably other associated prirnary producers were the dominant N sink, there was no accumulation of N in the living biomass on an annual scale. Model calculation of eelgrass decomposition furthermore suggested that most of the N bound to sloughed plant material was liberated to the environment within 1 yr. Only during the spring summer period was more nitrogen taken up by the beds than was released via decomposition of plant material. Therefore only in that penod could the beds be considered as N sinks. The uptake of DlN by the eelgrass beds was significantly higher than the DIN uptake at unvegetated sites during the spring and summer period, whereas outside this period there was no significant differente between DIN fluxes measured at vegetated and unvegetated sites Denitrification activity in the eelgrass vegetated sediments was simiiar to the activity in unvegetated sediments It is suggested that the presence of eelgrass wili not alter estuarine N-retention on an annual scale. However, during the spring and summer penod when eelgrass beds are superior DIN sinks compared to unvegetated sediments, the temporal retention of N in the eelgrass biomass and detritus pool may reduce nutrient availability for other phototrophic organisms. The presence of eelgrass in N-limited areas may therefore reduce pelagic prirnary production.
INTRODUCTION
Benthic microalgae and seagrasses may be significant primary producers in estuanes subjected to moderate N-load (Duarte 1995 , Borum 1996 , Borum & Sand-Jensen 1996 . During maximal growth in the spring and summer, assimilatory uptake of N by these prirnary producers may both reduce the diffusive loss of N from the sediment to the water column and enhance the flux of N from the water column towards the bottom (Sundbäck & Graneli 1988 , Rizzo 1990 , Rysgaard et al. , Hansen et al. 1999 ).
The retention of N in the biomass of the benthic primary producers is most likely only temporary. It probably has little or no promoting effect at all on the annual N-retention in estuaries, as much of the assimilated N may re-enter the environment via decomposition, grazing or leaching. This is in contrast to the fate of denitrified or buried N, but similar to the fate of plant-bound carbon (Duarte & Cebrian 1996) .
The temporal Storage of nutrients in the benthic community may, however, influence phytoplankton nutrient availability, and thus ecosystem productivity. Cerco & Seitzinger (1997) showed through model simulations that benthic microalgae communities can enhance annual prirnary production in the water column. because water column nutrients were transferred to the sedirnent via algae uptake during periods with high nutrient concentrations. When nutrients were scarce during summer, decomposition of the algae biomass caused the release of nutrients, which then could fuel the production of nutrient-limited pelagic prirnary producers. It has been proposed that rooted macrophytes can have the opposite effect on phytoplankton nutrient availability (Sand-Jensen & Borurn 1991 .
Eelgrass vegetated sediments can be more sigmfiCant sinks for dissolved No3-and NH4+ than sedirnents with microalgae cornmunities during the entire springsummer period (Risgaard-Petersen et al. 1998) . The N taken up by the eelgrass beds in that period is mainly ailocated into plant tissue, whereas permanent removal via denitrification is of rninor importance (Rysgaard et al. 1996 . However, the implication of plant N-assimilation is that large quantities of N accumulate in the biomass during the growth season (Pedersen & Borurn 1993) and the tumover time of that N is relatively long (27 to 60 d, as judged from data of Pedersen & Borurn 1993 and data of Risgaard-Petersen et al. 1998) . During the spring and summer N is liberated from the beds mainly via loss and export of leaves , which are known to decompose relatively slowly (Harrison 1989 , Buchsbaum et al. 1991 , Enriquez et al. 1993 . Assimüated N is therefore retained for long periods before it is available for new production. It is possible that this ability of the plants to Sequester dissolved N may last the entire growth season, and that nutrients mainly are liberated from the beds outside this penod when nutrients are likely to be flushed out of the estuary and phytoplankton growth is lightlimited.
Only a few studies, however, have addressed nutrient exchange between the water colurnn and sediments vegetated with marine angiosperms (e.g. Rysgaard et al. 1996 , Risgaard-Petersen et al. , Hansen et al. 1999 , and these studies do not include the temporal aspect in sufficient detail. Consequently, it is difficult to evaluate conclusively the impact of benthic macrophytes on estuarine N-cycling from what is presently known. In order to contribute to a better understanding of the role of benthic prirnary producers in estuarine nutrient cycling, we focus here on the seasonal variation in nutrient exchange between the water column, and sedments vegetated with eelgrass Zostera marula. The aim of our study was to describe the annual vanations in dissolved inorganic N (DIN) exchange between the water column and the integrated eelgrass-sediment system, in order to identify the periods when the beds acts as sink or sources for DIN. Furthermore, we wanted to clarify the role of denitnfication versus plant N-uptake in such systems, in order to elucidate the nature of N-retention in eelgrass beds. We therefore measured both rates of denitrification and rates of plant N-uptake. To evaluate the time span for temporal retention of N in the eelgrass biomass, we measured losses and turnover of plant-bound N and estirnated the release of N from the detritus pool using reported values for eelgrass decomposition. The impact of eelgrass beds on estuarine nutrient exchange was evaluated by comparing denitrification and DIN f l w rates obtained in this study with rates obtained in previous studies of bare sediments.
MATERIALS AND METHODS
Study site. Nitrogen cycling was studied from March 1997 to February 1998 in both a sheltered and a windexposed Zostera marina bed. The sheltered sarnpling site was located in Risgkde Bredning, Limfjorden, Denmark. The area of Risgiirde Bredning is 48.4 km2 and -50% of the area is shallow, i.e. 0.5 to 1 m deep. At -450 m from land the depth gradually increases, reaching a maxirnurn of 6 m -800 m from land. The N-load to the estuary is mainly coupled to freshwater discharge, and amounted to 149.9 t yr-l in 1995 (Kaas et ai. 1996) . At the sampling site Junget Beach (56" 46.17'N, 9" 6.82'E), Z. marina covers 80% of the seafloor at 0.5 to 1 m depth. The coverage decreases with increasing depth, and the depth limit for the plants is approximately 2 nl (Counties of Ringk~bing, Viborg & Nordjylland 1997). The sampling station was located at a mean water depth of 1 m in a sheltered area -50 m from land. The sedirnent was sandy silt down to approxirnately 10 Cm. Below this depth it consisted mostly of clay.
The wind-exposed sarnpiing site was located in the Bight of Aarhus, Aarhus, Denmark. The area of the bight is 315 km2, and the depth increases steadily to 10 m at a distance 500 to 1000 m from the coastline. The N-load to the bight is mainly coupled to freshwater discharge, and amounted to 1715 t yr-l in 1995 (Kaas et ai. 1996) . At the sampling site Vejlby Fed (56" 12.14' N, 10" 17.13' E) Zostera marina covers 60 % of the seafloor from 0.4 to 5.2 m, and the depth limit for the plants is -5.2 m (County of Aarhus 1995). The sampling station was located at a mean water depth of 1 m in a wind-exposed area -30 m from land. The sediment at the sarnpiing site was sandy.
Sampling. Sampiing was performed monthiy at both sites. Sediment cores (n = 6) with intact plants were sampled with a stainless steel core sampler (Fig. 1A ) in transparent Plexiglas tubes (i.d. 20 cm, height 50 cm). These cores were used for laboratory measurements of denitrification and exchange of O" NH4+, NO2-and NO3-between the sediment-eelgrass community and 2) and at the bottarn sealed with a Cover that consists of an elastic rubber ring squeezed between 2 PVC discs with bolts (B.4) the water column. Filtered (GF/C filters) water samples for nutnent analysis were collected at the field site in 20 ml polyethylene vials and frozen (-20°C) on return to the laboratory. Water samples for O2 determinations were collected with glass synnges, transferred to glass vials (Exetainer, Labco, High Wycombe, UK) and Winkler reagents were added immediately. In situ water for the incubations was collected in 30 1 polyethylene jars. In order to measure in situ growth rate of eelgrass, sods of plants (n = 2) were collected in plastic boxes (30 X 40 cm). All the leaves of 30 to 40 shoots in these boxes were pierced with a hypodermic needle, which made it possible to estimate growth of the leaves within a defined penod (Sand-Jensen 1975) . The boxes with the pierced plants were hereafter placed at 1 m water depth at the field site. After 1 to 3 wk of incubation in the field, depending on the season, growth was measured from the displacement of the needle marks on the young growing leaves relative to the mark on the nongrowing leaves of the pierced shoots. To obtain information about the seasonal variation in the N-state of eelgrass, additional plants (n = 6) were collected on each sampling occasion and separated into leaves and groups of roots-rhizomes of different ages for later analysis of the tissue-specific N-content (Borum et al. 1989) . On return to the laboratory the lengths of the different plant parts were measured, and then plants were dried to constant weight at 90°C. The dned material was stored in polyethylene vials for later N determinations.
Flux and denitrification measurements. The cores with intact plants were allowed to equilibrate in the laboratory for 12 h in 2 Open 120 1 tanks with aerated water from the field site, held at in situ temperature.
Mixing of the water column above the sediment cores was provided by a water circulation system, constructed from a pump and perforated Plexiglas tubes (Fig. 1B) . The setup prevented damage of leaves, while adequate rnixing of the water colurnn was assured. A flushing rate of 1.5 1 min-' was Set as standard for all incubations. With this flushing rate the water was completely mixed within less than 30 s, as judged from dye dispersion experirnents in similar Plexiglas tubes with artificial plants.
Fluxes and denitnfication rates were measured both in the light and the dark. Light was provided by three 500 W halogen lamps, positioned 10 to 50 cm above the surface of the water in the tubes. Actual irradiance was adjusted to fit the monthly mean PAR for the given incubation month (Fig. 2) . Light data were obtained from the Danish Institute of Agncultural Sciences Research Center at Foulum. lncubations were performed in 2 sessions. First, the cores selected for flux measurements (n = 3) were incubated in the Light, while cores selected for denitrification measurements (n = 3) were incubated in the dark. When this session was completed the water in the tubes was renewed and light exposure reversed. After completing both incubation sessions, the cores were sacnficed and the eelgrass plants were sorted, counted and separated into leaves and root/rhizomes, and subsequently dried to constant weight at 90°C. Subsamples of dned plant material were stored in plastic vials for later N determination.
Flux measurements were initiated after closing the core tubes with transparent floating lids made of Plexiglas. Dunng the 4 to 12 h incubation time, depending on the season, 5 water samples for determination of O2 and N-species were collected penodically (n = 5) from the water column of each core tube using a glass syringe. Samples for O2 were transferred to 12 ml glass vials (Exetainer) and Winkler reagents were added immediately. Samples for NO3-/NO2-and NH,' determinations were frozen in polyethylene vials (-20°C) .
Denitrification was measured by I5N methodology. For each of the cores selected for denitrification measurements, I5NO3-was added to the water column to a final concentration of about 50 PM lSN. The added I5NO3-was then allowed to equilibrate with the sediment Pore water for approximately 30 rnin. Then the cores were closed with the transparent floating lids and incubated for 4 to 12 h, depending on the season. Water samples for 15N03-determinations were collected regularly 5 times during the incubations. In order to determine the amount of 15N-labeled N2 ("N2, 30N2) reduction to N2 (Risgaard-Petersen et al. 1993) . Nitrogen content of the dned plant material was measured on a Carlo Erba C/N elemental analyzer.
Calculations. Fluxes of NO3-+NO2-, NH4+ and O2 were calcuiated from the slope of the regression line obtained from plots of solute or gas concentration against time (see Fig. 3 for examples). For every measured compound, the regression model was evaluated using F-statistics. Non-significant (p > 0.05) correlation between concentration and time was interpreted 24 . .
-Junget as Zero flux.
The concentrations of "NZ and 30N2 in the 15N03-amended cores increased hnearly with time for aU incubations (see Fig. 3 for examples) and the ratio between "N2 and 30N2 was therefore constant during each of the performed incubations. In situ denitrification activity (i.e. de-
2:
nitrification of l4NO3-) could thus be estimated with the isotope-pairing technique from the pro- 1 cm, height 30 cm), to which 0.5 rnl 7 M ZnC12 was where FZ9 and F 3 0 are the production rates of "N2 and added to inhibit rnicrobial activity. Hereafter water and 3 0~2 respectively (units: w o 1 N2 m-2 h-I). sediment in the acryiic tube were mixed to a homogeThe in situ denitrification activity was divided into neous slurry, and a sample of the slurry was transcoupled nitrification-denitrification (D,) and denitrififerred to 6 ml glass viais (Exetainer), presemed with an cation of NO3-supplied from the water colurnn (D,) as additional 250 pl 7 M ZnC12 and stored at 4°C for later described by Nielsen (1992) : "N2 and 30N2 concentration determinations.
Analysis. Concentrations of NO3-and NO2-were D, = ( F z 9 + ~F~O ) ( loO deterrnined on a HPLC system (Sycam, Gliching, Gerl5 N-at. % many) equipped with a UV detector (220 nm, model
Spectro monitor 3200, Thermoseparation Products, Riviera Beach, Florida) and an anion column (4 by where 15N-at.% is the I5N-at.% of NO3-in the water 250 rnrn Aniontrenn LCA A14, Sycam) held at 60°C. column. The eluent was NaCl (40 mM), with a flow rate of
The diurnal flux and denitrification rates were calcu-1.5 ml s-'. Ammonium was analyzed colorimetncaily as lated from rates obtained in the light multipiied by the descnbed by Bower & Holm- Hansen (1980) . Oxygen daylength plus the rates obtained in darkness multiwas deterrnined by the Winkler titration method (Grassplied by the length of the dark period (i.e. 24 h -dayhoff et al. 1983) within a few hours of sampling. Conlength). Daylength was defined as the average time centrations of 29N2 and 30N2 in sediment-water suspenfrom sunrise to sunset for the specific month. sions were determined on a gas chromatograph in line Eelgrass growth, N-incorporation, N-translocation with a tnple collector isotope ratio mass spectrometer froin old to young plant parts, N-uptake from the envi-(Sira Senes 11, VG Isotech, Middlewich, UK) as deronment and losses of tissue-bound N were calculated scribed by Risgaard-Petersen & . The from data obtained during the in situ growth measure-15N-at.% of NO3-in the 15N03-amended flux charnbers ments, from the N-content of the plants and from the was measured by mass spectrometry after biologicai shoot density [Pedersen & Borum 1993 The procedure for estirnating N-dynarnics of the duction (GPP, calculated as the sum of O2 flux in the plants was as foilows (leaf no. 1 represents the inner light and the respiration, measured as dark O2 uptake) and youngest leaf, and leaf no. 5 or 6 the outermost and was highest at Junget on an annual scale (Fig. 4) . At oldest leaf of the individual plants). Leaf production both stations GPP showed significant seasonal variawas calculated as the product of average leaf growth tions (ANOVA, p << 0.001). At Junget GPP increased rate, the specific dry weight of leaf no. 4, and the denrapidly during the spring when both light and biomass sity of shoots in the sampled sediment cores used for were augmented (see Figs. 2 & 7A). Maximum activity flux and denitrification measurements. Root-rhizome was reached in June. Foilowing a decline in aboveinternode production was estirnated from the producground biomass and Light, GPP declined to constant low tion of new leaves, since 1 new root-rhizome internode values from November to February. At Vejlby Fed, GPP is produced for each new leaf (Pedersen 81 Borum reached a maximum in August and declined hereafter 1993). Growth was caiculated as the average internode to constant low values from December to February. production multiplied by the average dry weight of the Cornrnunity oxygen consumption, calculated as dark fuiIy-grown internodes and associated side roots. Loss O2 uptake X 24 h, was similar at the 2 stations on an of above-ground biomass was calculated from leaf annual scale (Fig. 4) . At both sites significant seagrowth rates and changes in the leaf biomass between sonal variations were observed (ANOVA, p << 0.001). the sampiing periods. We were not able to obtain good At Junget oxygen consumption increased during the estimates of the below-ground biomass due to high spring and reached a maximum in July, when the temvariability, so loss of tissue from the root system was perature of the water column peaked (Fig. 2) . Herenot estimated. N-incorporation into leaves or root was after the activity deciined to constant low values from calculated as leaf or root production multipiied by the December to February, in accordance with the deciine average N-content of leaf no. 3, or the N-content of the in temperature and above-ground biomass (see Figs. 2 fuily grown root-rhizome group. Uptake of N in the & 7A). At Vejlby Fed maximum activity was reached in above-ground biomass was calculated as the increase August, and hereafter community respiration declined in leaf-bound N from month n to month n + 1 plus N to constant low activity from December to February. losses. Loss of leaf-bound N from the eelgrass biomass was calculate'd as the product of the loss rate and the N-content of the oldest leaf (leaf no. 5 or 6). Translocation of N from old to new leaves was calculated as the differente between incorporation and uptake of N. In order to estimate the uptake of N by roots and rhizomes, and hence the total N-uptake of the plants, we assumed that the ratio between uptake and incorporation for root-rhizomes was similar to that for the leaves. Root-rhizon~e F N-uptake was thus calculated as the product between this ratio and root-rhizome N-incor-
SPSS for windows, release 8.0.0 (SPSS Inc.), was used for statisticai treatment of the data. One-way ANOVA tests were used to analyze -=-Respiration for seasonal variations in flw and denitrification rates on the different sites, since 2-way ANOVA indicated significant interactions between site and date variables.
RESULTS

Seasonal vanations in o2 fluxes
Throughout the year O2 flux rates were highMonth est in the light, suggesting significant pnnlary Fig. 4 . Annual variation in grosc prullary production in ternlc of 0, (GPP), production at any season. Gross prirnary procommunity respiration, and net primary production (NPP) at the 2 field sites
The eelgrass vegetated sediment at Junget was net O2 producing on a yearly scale, while the eelgrass bed at Vejlby Fed was net O2 consurning. This difference was mainly caused by diiferences in GPP rates, since community respiration was sirnilar at the 2 sites. At both sites we observed significant seasonal vanation in the 0, balance (ANOVA, p << 0.001). The eelgrass bed at Junget was net O2 producing from March to June (Fig. 4) , and highest net production rates were observed in June when GPP peaked, while community respiration was still increasing. Hereafter the bed was net O2 consuming. Maximum net consumption rates were observed in August and September, when GPP was declining; afterwards net consumption rates declined due to decreasing community respiration. The eelgrass bed at Vejlby Fed was net O2 producing from March to August with maximum rates in June. In the following months the bed was net O2 consuming. Maximum net consumption rates were reached in August to October, after which net O2 consumption slightly decreased due to decreasing respiration.
Seasonal variation in DIN fluxes
On an annual scale NO3-was taken up from the water column by both of the beds studied (Fig. 5 ) . The NO3-uptake was 10 X higher at Junget than at Vejlby Fed, probably due to better NO3-availability at Junget dunng penods of high plant N uptake rates. The significant seasonal vanations in NO3-flux at both sites (ANOVA, p < 0.005) were not correlated with the NO3-concentration in the water column (R2 < 0.1). At Junget NO3-uptake increased dunng the spnng and early summer (March to July) parallel to a decrease in water column NO3-. From August to February 1998, the NO3-influx declined to constant low value, despite increasing NO3-concentrations in the autumn. At Vejlby Fed the NO3-uptake decreased from March to May, coinciding with decreasing NO3-concentrations in the water column. During the rest of the season the uptake stayed low («2 pmol rn-' d-'), including autumn and winter when NO3-increased slightly in the water column.
On an annual scale both of the beds released NH4+ to the water column. Annual NH,' release was 2x higher at Junget than at Vejlby Fed. Both stations were characterized by significant seasonal variations in flux rates (ANOVA, p < 0.005) (Fig. 5) . At Junget NH4+ was released from the bed throughout the year, except during the winter months, when the NH4' flux was directed from the water column towards the beds. Lowest release rates were observed during the spnng and summer months, when the eelgrass bed was net 0 2 producing. Ammonia release peaked in August, after the bed had switched from being net 0, producing to net O2 consuming. The NH,+ efflux remained relatively high until October. Hereafter NH,+ efflux declined parallel to a decline in community respiration. In the winter months NH,+ was taken up from the water column.
At Vejlby Fed NH,+ was taken up from the water column from March to May and from December to February. From June to November NH4+ was released from the bed to the water column.
On a yearly scale the eelgrass bed at Junget was a sink for DIN, while the bed at Vejlby Fed was a moderate source. These differences in the DIN source-sink state coincided with the observation that the bed at Junget was net 0, producing, while the bed at Vejlby Fed was net O2 consuming on an annual scale. Significant seasonal vanations in DIN source-sink Status were observed at both sites (ANOVA, Junget p C< 0.001, Vejlby Fed: p = 0.003) (Fig. 5) . At Junget, periods with high DIN uptake from the water column coincided with the penods when the bed was net O2 producing, i.e. March to June. Highest uptake rates were observed in May. From July to November, when the beds were net O2 consuming, DIN was released to the water column. The highest release rates of DIN were observed in August. At Vejlby Fed there was a net uptake of DIN from the water colurnn from March to May. Hereafter DIN was released from the bed until October. At this station highest DIN release rates were also observed in August.
Seasonal variation in denitrification
Denitrification rates were approximately 5x higher at Junget than at Vejlby Fed on an annual scale (Fig. 6) . We attribute this difference to differences in NO3-accessibility due to difference in NO3-concentrations in the water column (Fig. 6) . The NO3-concentration may have influenced denitnfication directly, and probably also indirectly by affecting the root uptake of the plants and thus the competition between roots and nitnfying/denitrifying bacteria. Only at Junget did our data indicate seasonal variations in denitrification activity (ANOVA, p = 0.001 for the Junget bed, p >> 0.05 for the Vejlby Fed bed, Fig. 6 ). Maximum activity at this site was observed in April, when the NO3-concentration in the water column peaked. Lowest activities were observed in January and February, when NO3-was relatively high but O2 data suggested overall low heterotrophic activity. From March to June approximately 60% of the activity was based on NO3-supplied from the water column. From July to September, when NO3-was scarce in the water column, approximately 80% of the de- 
Seasonal variations in eelgrass growth, N-uptake and N-losses
Plant growth rates measured in the field were slightly lower at Junget than at Vejlby Fed on an annual scale (Fig. ?) , which apparently conflicts with our O2 data. This discrepancy between growth and O2 data could be due to the differences in methodology used for primary production measurements. Alternatively, it might reflect that O2 producing communities of epiphytes and microphytobenthos were more important at Junget Beach bed than at the Vejlby Fed site. This was clear from visual observations in the field, but we did not make any attempt to quantify the role of these organisms.
At Junget growth increased rapidly from April to June and then a rapid attenuation was observed. From September until February the activity was constant at <10% of the activity at the start of the most active growth season. At Vejlby Fed growth peaked in July (Fig. ?B) , and from September rates declined fast and reached constant low values <20% of the spring and summer values. At Junget most of the energy was allocated to leaf growth (leaf growthhoot growth: 2.6), whereas sirnilar leaf and root growth rates were observed at Vejlby Fed (leaf growth/root growth: 1.4). This different growth pattern was probably caused by a difference in wave exposure. The sediment at Vejlby Fed is coarser and more wave-exposed than the Junget sediments, thus demanding relatively better anchoring of the plants.
Rates of N-incorporation were similar at the 2 stations on an annual scale (Fig. 7) . The temporal pattern in N-incorporation was similar to the trend for plant growth at both stations with maxirnum activity from April to August. N-incorporation in that penod constituted between 75 and 88% of the total annual activity. During most of the investigation period, the plants extracted their N mainly from external sources, as indicated by the similanty between N-incorporation and N-uptake rates (Fig. 7) . Translocation of N from old to new growing tissue satisfied only about 10 to 20% of the annual N-demand. During the winter months (November to February), however, between 60 and 90 % of the N-demand of the plants was satisfied via this process. For both stations N-uptake from the environment followed the Same trends as N-incorporation, with maximum rates in June and July and minimum rates in the winter.
Both of the beds were subjected to a considerable loss of tissue-bound N via detachment of leaves dunng most of the period investigated (Fig. 7) . Loss of leafbound N increased during the spring and reached a maxirnum in July and August. Only in the spring and early summer penod did this loss fall behind the rate of leaf N-uptake. Consequently, only in this penod did we observe an increase in the pool of N bound to the above-ground biomass, while outside the spring and summer period the pool was stripped of N. On an annual scale a steady state between loss and gain was achieved, as indicated by the almost identical biomass values at the beginning and at the end of the investigation penod. o , . , , , . , . , . , . , . , . , . , . , . , . , . , Fed. Note that the esümate of total plant N-uptake is based on the assumption that the ratio between uptake and incorporation is similar for roots and leaves (see 'Materials and methods') Shoot density was constant at 700 to 1000 ind. m-2 from March to July at Junget. In August and September the density of shoots declined to values below 400. Hereafter a slight increase to -600 shoots m-2 was observed from October to February. At Vejlby Fed the shoot density declined steadily from -1500 to -800 shoots m-2 dunng the penod of investigation (data not shown).
DISCUSSION
Seasonal variations in DIN: the role of assimilation and denitrification
In this study, we observed a seasonal pattern of DIN exchange between the eelgrass beds and the water column (Fig. 5 ) similar to that reported for manne systems with microphytic benthic primary production (e.g. Rizzo et al. 1992 , Cerco & Seitzinger 1997 ). In such systems photoautotrophic assimilation plays an important role as a DIN sink and consequently as a regulator of the N fluxes across the sediment-water interface (e.g. Sundbäck et al. 1991 , Rizzo et al. 1992 , Rysgaard et al. 1993 . For the eelgrass beds investigated in the present study, we identify photoautotrophic assimilation as the major sink, while the role of denitrification was comparatively modest. This is indicated from the following observations. First, denitnfication was insignificant compared to the rates of plant N-uptake dunng most of the investigation penod (Figs. 6 & 7) ; as yearly average denitrification was less than 4 % of plant N-uptake rates, and only dunng the winter months did the process approach or exceed the activity of the plants. The systems might weli have been even more controlled by assirnilatory processes than indicated by our results, since our plant N-uptake rates does not necessanly fully represent all assimilatory processes acting in the system. Benthic microalgae and epiphytes, for instance, might have played a major role in nutnent exchange between the eelgrass beds and the environment. Those organisms can contribute significantly to the productivity of seagrass beds (e.g. Borum & Wium- Andersen 1980 , Brouns & Heijs 1986 , Murray & Wetze1 1987 , Moncrieff et al. 1992 , and they often have more efficient Nuptake kinetics than eelgrass plants and a higher N-demand (Sand-Jensen & Borum 1991). Hence, their N-uptake rates might exceed those of the plants. Hansen et al. (1999) thus found that benthic microalgae inhabiting the sediment surface between eelgrass plants were the major sinks for DIN in the spring. The aim of this study was, however, not to evaluate the importance of the different pnmary producers in the eelgrass beds, but to investigate the eelgrass bed as a Single system, though it is a community of vanous organisms.
A second indication of the low impact of denitnfication on the system comes from the o b s e~a t i o n that denitrification based on bottom water NO3-was only between 18 (Junget) and 26% (Vejlby Fed) of the net NOJ-flw into the sediment (average for the entire study penod). Only in the winter penod did denitrification approach or exceed the measured net No3-fluxes into the sediment, suggesting significant alternative NO3-sinks during most of the investigation penod. We cannot exclude nitrate-ammonification activity in this context, since this process has been reported to constitute a major reduction pathway for NO3-in seagrass vegetated sediments (Boon et al. 1986 , Rysgaard et al. 1996 . However, for both of the beds studied here the No3-influx exceeded the NH,+ efflux by a factor of 5 to 20 during the spring and summer (April to August), where the flux of NO3-represented more than 75% of the annual net input of NO3-. Therefore, even if nitrate-ammonification was a significant sink for bottom water No3-, most of the N that entered this pathway would necessarily have been assimilated within the eelgrass beds.
A third indication of the dorninance of assimilatory processes over denitnfication comes from the fact that denitrification was of little importance as a sink for N regenerated in the sediment. Sedimentary N-regeneration activity was 5.1 mmol N m-2 d-' for Junget and 5.6 mmol N m-2 d-' for Vejlby fed (yearly averages) when estimated from the difference between the input of DIN from the water colurnn (Fig. 5 ) and the sum of N needed to support denitrification (Fig. 6) , plant N-uptake (Fig. 7) and diffusional loss of NH,+ to the water column (Fig. 5) . Coupled nitrification-denitnfication removed less than 4 % of that (yearly average). Only dunng the winter (November to February), when the estimated N-regeneration activity in the eelgrass vegetated sedirnents was low (average values: 0.3 rnmol m-2 d-' at Junget and 0.2 mmol m-2 d-' at Vejlby Fed) did denitnfication remove approximately 12% of the liberated N. Since less than 13% of the N liberated via mineralization escaped the sediment as DIN as an annual mean, the major part (>T5 %) must have been assimilated by plants. We emphasize that the calculated N-regeneration activity is only a minirnum estimate, since the additional N needed to support the N-demand of benthic microalgae and epiphytes is not included. The partition between denitrification and assimilation as N sinks was therefore probably much more displaced toward assimilation than indicated above.
The superior role of photothropic organisms, compared to denitnfying bactena, as sink for DIN indicated from our results is equivalent to what has been reported from Zostera noltii (Rysgaard et al. 1996) and Zostera m a~a vegetated sediments ) and may result from the following conditions. First, diffusional resistance against N-uptake from the water column is likely to be less severe for eelgrass leaves, epiphytes and rnicrophytobenthos surrounded by a thin boundary layer than for denitrifying bactena situated rnillimeters below the sediment surface. Second, plants and microalgae have much better access to the pool of reduced N (such as NH,+ in the water column and the sediment) than denitrifying bacteria, because N in this form is directly used as a N-source by marine phototrophs. Denitrification of N bound in NH4+, on the other hand, is only possible when the process is coupled to nitrification. Recent data suggest that nitrification activity is insignificant in temperate eelgrass vegetated sediments (Ottosen et al. 1999) . Finally, plants may crowd out bactena in a sediment environment that is occupied by the root/rhizome system.
The overall insignificant role of denitrification as N sink in the eelgrass beds leads us to suggest that the balance between the N-demand of the phototrophic organisms and the intensity of sedimentary N-regeneration was the major factor controlling the Status of the eelgrass beds as sources or sinks for DIN. Thus DIN was extracted from the water colurnn in the spring and summer months (April to July/August), when the beds showed highest photosynthetic activity and the Nuptake by the eelgrass plants was maximal (Fig. 7) . This was most likely because the overaii phototrophic N-demand was too high to be satisfied alone by endogenous N-regeneration. When a decline in light availability (Fig. 2) reduced photosynthesis in late summer and autumn (AugusWSeptember to November, Fig. 4) , the N-uptake of the eelgrass plants also d e c h e d (Fig. 7) . The beds became net O2 consuming indicating that photothropic-related activity (in terms of assimilation of C and N) was lower than the production of C and DIN via heterothropic rnineralization activity. As the reduced abiiity of the photosynthetic community to retain regenerated N was not compensated by an equivalent increase in denitrification activity, the eelgrass beds turned into DIN sources. However, even though plant N-uptake was reduced, the mass balance suggests that more than 60% of the N regenerated in the sedirnents was taken up by the plants. Only during the winter months (December to February), when photosynthesis and plant N-uptake rates were at their *um levels due to low light and temperature (Fig. 2) , did denitrification seem to play a role as a DIN sink equivalent to unvegetated sediments. During this penod low temperatures, and probably also the scarcity of accessible organic matter, were likely the factors responsible for the reduced heterotrophic activity, which is reflected in both our denitrification and O2 data.
Eelgrass beds as N sinks
Findings from the present study showed a dominante of assiniilatory processes over denitrification, which lead us to focus on the fate of the tissue-bound N in the eelgrass plants. The pool of N bound in the tissue of the living above-ground biomass in the investigated eelgrass beds did not accumulate on an annual scale (Fig. 7) . This is consistent with the data of Pedersen & Borum (1993) , who also found a sirnilar lack of N-accumulation in the root biomass, and we assume that this may also hold true for the beds investigated in the present study. With this assumption it is clear that most of the DIN taken up by the beds was only temporarily retained in the plants. The loss of nitrogen from the livhg biomass was most likely the consequence of shedding old leaves and roots (Pedersen & Borum 1993) , as this material wiü undergo decomposition either inside or outside the eelgrass beds. Dunng the decomposition process, eelgrass detritus is a net source of N (Harnson 1989 , Buchsbaum et al. 1991 . We estirnated this release of N from the decomposing biomass in order to evaluate the efficiency of the temporal retention, and to evaluate the changing capacity of the eelgrass beds as sinks for N. We assumed Ist order decay of the eelgrass detntus pool (Ennquez et al. 1993) , and a continuous supply of material to the detritus pool corresponding to the measured loss rates of plant-bound N (Fig. 7) . We used a Nbased rate constant for leaf decomposition (0.0438 d-'). This rate constant was found in a recent Danish litterbag study conducted over a 250 d penod from May to January in Roskilde Fjord, Denmark (M. F. Pedersen, Roskilde University, pers. cornrn.). Given these assumptions, it was calculated that between 95 and 98 % of the detritus pool produced from March 97 to February 98 was decomposed during the penod of investigation, and therefore most of the immobilized nutnents were liberated and available for transport or new production within 1 yr. The estimated N-release from decomposition peaked in June and July for both beds (Fig. 8) . The average monthly release was highest in the spring and sumrner. Only in the early spring (March and April) did the DIN influx to the beds exceed the rate of N-release from the detritus pool. However, during the entire spring and summer, the release of N fronl the detritus pool was between 40 and 50% of the plant N-uptake rates; while outside this penod the estimated N-release rate was on average 2 x higher than the uptake rates (Figs. 7 & 8) . Our calculations thus indicate that only during the spring and summer was more N transferred to the systein than released to the environment via exPort and decomposition of leaves. Since bacterial N2 fixation may only account for a few percent of this Ntransfer , the beds could be considered as true sinks for easy accessible N in that period. 
In benthic Systems without seagrass, denitrification generally plays a much more dominant role as sink both for bottom water NO3-and for DIN regenerated in the sedirnent. Data from these types of estuarine sediments thus show denitrification of bottom water NO3-to be >50 % of the annual No3-flux into the sediments (e.g. Rysgaard et al. 1995 , Oglivie et al. 1997 , Tnmmer et al. 1998 , while coupled nitnfication-denitrification has been shown to remove 15 to 60% of the regenerated inorganic N (Seitzinger 1988). As indicated above, these conditions are only met in the eelgrass beds during the winter penod when the activity of the plants is at minimum, and evidently the introduction of an additional component in the benthic System (i.e. the eelgrass), induces major changes in the structure of the N-cycle. Moreover, previous studies show that rates of N-mineralization and rates of coupled nitrificationdenitrification are altered in the presence of seagrass (Boon et al. 1986 , Cafferey & Kemp 1990 , Ottosen 1999 ). An analysis of the extent to which those differences cause differences in denitnfication activity and DIN exchange for vegetated and unvegetated sites was done by companng the flux and denitrification rates in the eelgrass beds studied here, with data from similar unvegetated sediments. Those data were supplied by the National Environmental Research Institute, Silkeborg, Denmark. The data Set (unpublished, but annual mean rates from the field sites are given by Dalsgaard et al. 1999) onginate from studies of the N-cycle in 8 Danish shallow estuanes, conducted between 1992 and 1995. Each of the estuaries was represented by 4 to 7 stations and studied at monthly interMonth vals. Flux and denitrification data in these studies were generated using the methodology descnbed by Rysgaard et al. (1995) , which is similar to the methodology used in the present study, except that sediment samples were incubated in 5.2 cm i.d. cores with magnetic stir bars. To facilitate a comparison between vegetated and unvegetated sites, we only used data from unvegetated sedirnents exposed to concentrations of NO3-similar to the concentration in the water column above the seagrass beds studied here i.e. < I 2 FM NO3-.
There was no significant difference between rates of denitnfication of bottom water No3-(Dw) measured at vegetated and unvegetated sites (Table 1 , ANOVA, p > 0.005). The rate of coupled nitnfication-denitrification, however, was lowest in the eelgrass vegetated sediments (Table 1 , ANOVA, p = 0.003). This indicates that the presence of seagrass will not increase total estuanne N-retention, except via a possible burial of refractory plant compounds. To our knowledge, the fraction of the production of plant-bound N that is permanently buried in the sediment is not quantified in seagrass studies reported in the literature. Therefore, the relative importance of this possible pathway cannot be evaluated conclusively by discussing results obtained in this study. However, our model calculation of N-release from the decomposing eelgrass detritus suggests that bunal is an insignificant sink for plantbound N.
During the spring and summer period when eelgrass plants (Fig. 71 , and probably other photosynthetic compounds as well, had maximal impact on the N-cycle via their assirnilation, net uptake rates of DIN were highest at the 2 eelgrass vegetated sediments (Table 2 , ANOVA, p = 0.01). Both in the late autumn and the winter period, however, flux rates measured in the present study were not significantly different from the activity at the unvegetated sediments (Table 2 , ANOVA, p » 0.05). The apparent statistical similarity between flux rates at vegetated and unvegetated sites dunng the late summer and autumn penod might be the result of Table 1 . Denitrification (mmol m-2 d-') in Zostera marina vegetated and bare sedirnents. D, represents coupled nitrification-denitnfication, and D, is the bottom water supported denitnfication. Standard error of the mean is given in parenthesis. and n is the number of obsewations in each cluster. Data from the Z. rnarina beds represent the mean activity of the 2 beds investigated in this study. Bare sediment data are supplied by the National Environmental Research Institute, Silkeborg, Denmark antagonistic interactions between reduced coupled nitrification-denitrification (Table I) , of elevated rnineraiization (e.g. Boon et al. 1986) , and the presence of assirnilating plants and algae in the seagrass beds investigated. In that period such organisms probably captured most of the regenerated N (see above) that otherwise would have been lost by diffusion.
CONCLUSIONS
The results of the present study show that eelgrass beds are only efficient sinks for easily accessible N in the spring and early sumrner period. In that period, the potential release of N to the environment from the decomposing biomass was nluch lower than the overall N-demand of the beds, and the eelgrass vegetated sediments consumed more DIN from the water column than unvegetated sediments. We were not able to demonstrate significant differences between flux rates measured at vegetated and unvegetated sites outside the season of maximal growth, and our model calculations indicate that the release of N from the decomposing biomass was much higher than the N-demand of the beds. It is not clear how much of this detritusderived N escaped the beds via diffusion, and thus was included in the measured flux rates, and how much was released outside the beds due to export and subsequent decomposition of sloughed leaves at adjacent areas. If a major fraction of the detritus was decomposed outside the beds, then the seagrass beds can indirectly be regarded as supenor sources of N, when compared to unvegetated sediments.
The eelgrass beds mainly act as temporary sinks for N, since assimilation of N was a quantitatively much more important process than denitrification, and since a large fraction of the N bound to plant parts will be Liberated during decomposition of the detntus. The presence of eelgrass in the estuarine environment will probably not alter estuarine N-retention on an annual scale. Our data and model calculations indicate no significant difference between total denitrification rates measured (D, + D, ) at vegetated and at unvegetated sites (Table I) , and no accumulation of nitrogen in either the eelgrass biomass or the detntus pool. To fully consolidate this hypothesis, however, more denitrification data from vegetated sites are needed. Likewise it is necessaq to quantify the amount of tissue-bound N that is permanently buned in the sediment.
An important effect of eelgrass beds on estuarine N-cycling rnight, however, be associated with their abiiity to Sequester and irnmobilize large quantities of N during the growth season. Eelgrasses are, in contrast to phytoplankton, characterized by an over-wintering biomass and may Start their growth and N-uptake in early spring (Sand-Jensen 1975 , Pedersen & Borurn 1993 , this study: Fig. 7) . It is therefore possible that the presence of eelgrass may reduce the accessibility of N to phytoplankton via early root and leaf uptake, thereby diminishing the likelihood of algal blooms in spring and summer. In the autumn and winter, when growth and plant N-uptake rates are low, the vegetated sediments turn into sources for N. However, pelagic primary production is usuaily light-lirnited in this period, and therefore cannot benefit from the input of additional N from the eelgrass beds. We therefore propose that the presence of eelgrass in N-lunited estuaries may reduce pelagic prirnary production.
